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Abstract. Air temperature controls a large variety of envi-
ronmental processes, and is an essential input parameter for
land surface models, for example in hydrology, ecology and
climatology. However, meteorological networks, which can
provide the necessary information, are commonly sparse in
complex terrains, especially in high mountainous regions. In
order to provide temperature data in an adequate temporal
and spatial resolution for local scale applications a new el-
evation correction method has been developed that is able
to downscale 3-hourly ERA-Interim temperature data. The
scheme is based on model internal vertical lapse rates derived
from different ERA-Interim pressure levels and has been val-
idated for twelve meteorological stations in the German and
Swiss Alps. The method was also compared with two other
statistical, lapse rate based correction approaches. The re-
sults indicate that the use of model internal ERA-Interim
lapse rates can signiﬁcantly improve the downscaling per-
formance when compared to the standard procedure of using
ﬁxed lapse rates.
1 Introduction
The near surface air temperature (Ta) is an important control
for a large variety of environmental processes and inﬂuences
the local as well as the global water, energy and matter cycle
(Prince et al., 1998; Prihodko and Goward, 1997; Bolstad et
al., 1998). Changes in Ta have a distinct inﬂuence on biogeo-
chemical processes, the turbulent exchange between surface
and atmosphere as well as on plant growth and many other
components at the interface between the Earth’s surface and
atmosphere (Nieto et al., 2011; Regniere, 1996; Bolstad et
al., 1998; Stahl et al., 2006). Therefore, historic, current and
future temperature time series are needed for analyzing pos-
sible changes and impacts on the environment (Barry, 1992;
Pepin and Seidel, 2005). They can also provide reliable data
for decision-makers (e.g. tourism planning) and model devel-
opers (Dodson and Marks, 1997; Minder et al., 2010; Maurer
et al., 2002; Mooney et al., 2011).
The most common sources for Ta time series are mete-
orological stations. However, meteorological networks are
sparse in complex terrains, in particular at high altitudes,
such as in mountains. This is mainly due to difﬁculties with
the installation and maintenance of the stations (Kunkel,
1989; Rolland, 2003). Hence, information about Ta has to
be calculated on the basis of surrounding stations, which are
usually far away from the point of interest. The Ta can also
be calculated with the help of climate models, which usually
have a limited spatial resolution (Dodson and Marks, 1997;
Vicente-Serrano et al., 2003; Ishida and Kawashima, 1993).
Bothmethodstendtoworkwellinhomogeneousterrains,but
tend to fail in heterogeneous terrains, where changes in the
surface temperature can occur over short distances. Reasons
for failure are the misrepresentations of key relationships
between Ta and elevation (DeGaetano and Belcher, 2007)
and the limitations of climate models to consider small-scale
variations of the land surface.
Hence, lapse rates (0), which display the empirical rela-
tionship between Ta and altitude, are often used to interpolate
measurements or to scale model results of Ta with respect to
elevation as well as for generating the required small-scale
information of Ta (e.g. W¨ orlen et al., 1999). In this context,
one has to distinguish between near surface temperature gra-
dients (which are dominant if stations are interpolated) and
free air lapse rates (which are used when different ERA-
Interim layers are used) in general. While the ﬁrst one is
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dominated by the surface energy balance, surface roughness
and near surface boundary layer effects, the second is mainly
controlled by adiabatic effects and the current stratiﬁcation
of the atmosphere (Cullen and Marshall, 2011; Marshall et
al., 2007). We use both kinds of lapse rates in this study and
investigate their performance with respect to a correction of
ERA-Interim model results.
The most common methods typically assume lapse rates in
the range of −6.0 ◦Ckm−1 (e.g. Dodson and Marks, 1997)
to −6.5 ◦Ckm−1 (e.g. Maurer et al., 2002; Lundquist and
Cayan, 2007; Stahl et al., 2006), considering some similar-
ity to the theoretical pseudo adiabatic lapse rate (Hamlet and
Lettenmaier, 2005) or to the monthly variability of the tem-
perature gradient within the atmosphere (Kunkel, 1989; Lis-
ton and Elder, 2006). However, many studies have proven
that a ﬁxed lapse rate may be problematic since the values
of the lapse rate can vary signiﬁcantly within short time pe-
riods of less than a month (Minder et al., 2010; Lundquist
and Cayan, 2007; Rolland, 2003). The reason for these vari-
ations can be traced back to topographical characteristics of
an area (Mahrt, 2006; Cullen and Marshall, 2011), the syn-
optic circulation (Pages and Miro, 2010; Blandford et al.,
2008), the activity of the vegetation (Laughlin, 1982), sea-
sonal variations with respect to the incoming radiation (Rol-
land, 2003; Blandford et al., 2008) and diurnal variations,
e.g. due to a changing cloud cover (Minder et al., 2010). This
lapse rate variability can only be monitored by dense mete-
orological station networks or by using alternative strategies
that are able to cover the temporal and spatial variability of
air temperature.
One such strategy, it to use global or regional scale climate
model temperature outputs (e.g. reanalysis data) for different
pressure levels that can also be used for a characterization of
lapse rates and a subsequent downscaling of modeled tem-
peratures without a direct use of observations (Maraun et al.,
2010). Mokhov and Akperov (2006) used NCEP/NCAR re-
analysis temperature proﬁles to investigate the relationship
of tropospheric lapse rates and global averages of monthly
surface temperatures. However, they focused on large scale
patterns rather than testing this approach against local site
data. In a similar way, Gruber (2012) applied the lowest
seven pressure levels of NCEP data for the calculation of cor-
rected surface temperatures. However, a detailed analysis of
the quality of the method was not a focus.
We here present and test a newly developed elevation
correction approach that is based on the European Centre
for Medium Range Weather Forecast (ECMWF) reanalysis
product ERA-Interim (Dee et al., 2011; Berrisford et al.,
2011) with a focus on often critical Alpine environments.
The method accounts for the temporal variability of lapse
rates by using model internal temperature proﬁles. It allows
for a scaling of 0.25◦, 3-hourly ERA-Interim data to the
pointscale,andwastestedandvalidatedagainsttwodifferent
standard correction methods (one based on station measure-
ments, and another one that uses ﬁxed data from literature)
at twelve meteorological stations located in mountainous
environments in the German and the Swiss Alps.
2 Data and methods
2.1 ERA-Interim data
We made use of the European Centre for Medium Range
Weather Forecast (ECMWF) reanalysis product ERA-
Interim, which provides data from 1979 onwards, and con-
tinues in real time (Berrisford et al., 2009; Dee et al., 2011).
The ERA-Interim project was launched in order to improve
key aspects of ERA-40, such as the representation of the
hydrological cycle, the quality of the stratospheric circula-
tion, as well as the handling of biases and changes in the
observing system (Dee and Uppala, 2009; Simmons et al.,
2006; Uppala et al., 2008; Dee et al., 2011). This has been
achieved by including many model improvements, as the
use of 4-dimensional variation analysis, a revised humid-
ity analysis, the use of variation bias correction for satel-
lite data, and other improvements in data handling (Berris-
ford et al., 2009; Dee et al., 2011). Cycle 31r2 of ECMWF’s
Integrated Forecast System (IFS) was used for the ERA-
Interim product. The model in this conﬁguration comprises
60 vertical levels, with the top level at 0.1hPa; it uses the
T255 spectral harmonic representation for the basic dynam-
ical ﬁelds and a reduced Gaussian grid (N128) with an ap-
proximately uniform spacing of 79km (Dee et al., 2011; Up-
pala et al., 2008). The atmospheric component is coupled
to an ocean-wave model resolving 30 wave frequencies and
24 wave directions at the nodes of its reduced 1◦ ×1◦ lat-
itude/longitude grid. ERA-Interim assimilates four analyses
per day at 00:00, 06:00, 12:00 and 18:00UTC. Furthermore,
two 10-day forecasts with a 3-h resolution are initialized on
the basis of the 00:00UTC and 12:00UTC analyses. Obser-
vations from 15:00UTC of the previous day to 03:00UTC
on the present day are used for the 00:00UTC analyses,
and observations from 03:00UTC to 15:00UTC are used for
12:00UTC analyses (Dee et al., 2011; Uppala et al., 2008).
ECMWF provides a variety of data in uniform lati-
tude/longitude grids (0.25◦, 0.5◦, 0.75◦, 1◦, 1.125◦, 1.5◦, 2◦,
2.5◦ and 3◦). The parameters (except vegetation, soil type
ﬁelds and wave 2-D spectra) are interpolated from the orig-
inal N128 reduced Gaussian grid using bilinear methods.
The elevation dependency of the 2m temperature is not con-
sidered within the interpolation scheme. Here, we applied
3-hourly forecast data (03:00, 06:00, 09:00, 12:00, 15:00,
18:00, 21:00 and 24:00UTC) initialized at 00:00UTC from
1979–2010 which were projected on a grid of 0.25◦ ×0.25◦.
The 00:00UTC data were chosen, as the differences between
00:00UTC and 12:00UTC data are minor and not relevant
for the achieved results. The used output variables are 2m
temperature, surface geopotential as well as temperature and
geopotential height at 925hPa, 850hPa and 700hPa levels.
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Fig. 1. Location of the twelve meteorological stations (triangles),
and ERA-Interim 0.25◦ ×0.25◦ grids (dashed line). Twelve stations
were clustered into four groups according to the different ERA-
Interim grids. The elevation ranges from 22m to 4783ma.s.l., with
a DEM resolution of 90m.
The geopotential height was calculated by the normalization
of the geopotential over the gravity.
2.2 Test sites
The data from twelve test sites, all located in the German
and Swiss Alps, have been used in the analysis. The stations
are located within four different ERA-Interim grid elements
and can be treated as four clusters of three stations (one at
the valley bottom, one at the crest region and a station in
between). A detailed description of the measurements and
of the location of the different stations is given in Fig. 1 and
Table 1. All measurements were aggregated to 3-hourly (T3h)
and daily (Td) data for a later comparison with ERA-Interim
data (Table 1). Days with missing values were excluded and
were not used for any further analysis.
One important but difﬁcult to answer question is whether
individual stations might be used by ERA-Interim for as-
similation purposes. If assimilated, the ERA-interim pre-
dictions are not fully independent from the observed data
which were subsequently used for calibration and validation
of the suggested downscaling methods. However, even a di-
rect contact with the ECMWF personnel could not give a
clear answer to this question (Pappenberger, personal com-
munication, 2012). It is probable that the data of the sta-
tions Zugspitze, Garmisch and Sion are used for assimila-
tion, given their status as WMO SYNOP stations (Simmons
et al., 2010; Dee et al., 2011). According to the information
of the ECMWF it can be assumed that at least the major-
ity of the stations at Zugspitzplatt, Fey, Les Diablerets, En-
gelberg, G¨ utsch ob Andermatt, Titlis, Scuol, Buffalora and
Naluns/Schlivera are not used by ERA-Interim and therefore
represent fully independent data set.
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Fig. 2. Correlation and MAE (◦C) between daily mean ERA-
Interim 2m temperature and E-2 OBS data (0.25◦ ×0.25◦, pe-
riod from 1979 to 2010) extended Simmons’ investigation (5◦ ×5◦,
monthly, period from 1989 to 2001). The values labeled in the grid
are the MAEs. The dots are the center points of ERA-Interim grid,
the crosses are the center points of E-OBS grid and the triangles are
the test sites. ERA-Interim and E-OBS grids are shifted in latitude
and longitude direction by 0.125◦, i.e. the center point of the E-OBS
grid is located at the cross junction of four ERA-Interim grids. The
average value of every four ERA-Interim points was calculated for
the corresponding E-OBS grid.
2.3 E-OBS database
We used E-OBS data of the EU-FP6 ENSEMBLES project
for validating the large scale error of the ERA-Interim re-
sults. The European daily high-resolution gridded data set
of near-surface temperature (minimum, mean and maximum
temperature) and precipitation (E-OBS) was operated as part
of the EU-FP6 ENSEMBLES project (Haylock et al., 2008).
Daily data were produced using a three-step interpolation
on the basis of around 2300 stations while taking the ele-
vation dependency of temperature into account (Haylock et
al., 2008). The E-OBS dataset was produced for represent-
ing the best estimates of grid box averages. Gridded 0.25◦
and 0.5◦ latitude/longitude data were available as well as
a 0.22◦ and 0.44◦ rotated pole grid with the North Pole at
39.25◦ N, 162◦ W. The available data covers a large area
(25◦–75◦ N, 40◦ W–75◦ E) and a long time period. Here, we
used the daily mean temperature with a 0.25◦ ×0.25◦ spa-
tial resolution from E-OBS version 6.0, which was released
in April 2012 and which covers the period from 1950–2011.
The time period of 1979–2010 was extracted for a compar-
ison with the 0.25◦ ×0.25◦ ERA-Interim 2m temperature
data. ERA-Interim and E-OBS data are shifted in latitude
and longitude direction by 0.125◦. The center point of the E-
OBS grid is located at the cross junction of four ERA-Interim
grid elements (Fig. 2). Therefore, the average value of the
four surrounding ERA-Interim points was calculated for the
corresponding E-OBS value.
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Table 1. Test sites information (ERA height is the ERA-Interim model elevation).
Altitude ERA height
Site latitude longitude (ma.s.l) (ma.s.l) Time Series
Group 1
Garmisch 47.48 11.07 719
1287
1979–2010
Zugspitzplatt 47.41 11.00 2250 1999–2010
Zugspitze 47.42 10.99 2964 1979–2010
Group 2
Sion 46.22 7.33 482
1408 2002–2004 Fey 46.19 7.27 737
Les Diablerets 46.33 7.20 2966
Group 3
Engelberg 46.82 8.41 1036
1432 1994–2010 G¨ utsch ob Andermatt 46.65 8.62 2287
Titlis 46.77 8.43 3040
Group 4
Scuol 46.79 10.28 1304
1818 1999–2010 Buffalora 46.65 10.27 1968
Naluns/Schlivera 46.82 10.26 2400
2.4 Elevation correction methods
Lapse rates (0) describe the decrease of Ta with elevation.
Equation (1) was used for all of the four presented correc-
tion methods, but the calculation of Tref and 0 varied. Tref
is the reference temperature, which was either deﬁned by the
ERA-Interim 2m temperature (TERA 2m) or the ERA-Interim
temperature at the 850hPa pressure level (TERA 850).
Tt = Tref +0 ×1h (1)
We used four different methods for calculating 0, Method
(I) speciﬁc monthly lapse rates (0S) extracted from lit-
erature, Method (II) measured lapse rates (0M), which
were calculated on the basis of two meteorological sta-
tions covering the maximum elevation range of the area,
and Method (III) and (IV) ERA-Interim lapse rates (0700 925
and 0850 925/0700 850) which were calculated on the basis
of temperatures at different pressure levels. Method I made
use of monthly values of 0S, which were calculated from
the monthly mean maximum and minimum temperature data
publishedbyKunkel (1989)andListonand Elder(2006)(Ta-
ble 2). These values have been widely applied in Earth sur-
face modeling and their temporal resolution of one month
can be seen as a standard with respect to generalized lapse
rates (Bernhardt and Schulz, 2010; Mernild et al., 2009;
Liston et al., 2008).
Method II used measured data from two meteorological
stations for calculating 3-hourly and daily lapse rates. We
used the highest and lowest elevated station per group for
this calculation (Table 1). The lower elevated station repre-
sents the conditions at the valley bottom, while the higher el-
evated station is representative for the crest region. Method II
was used as a benchmark for comparison with all other meth-
ods. Since stations at high elevation that are able to properly
represent the meteorology are rare, other correction meth-
ods that are independent of surface measurements have to
Fig. 3. Schematic illustration of measured lapse rate and ERA-
Interim derived lapse rates for Group 1. 0m was calculated based
on the two largest-elevation-difference stations (e.g. Garmisch and
Zugspizte station). Temperatures as well as the geopotential heights
of the 700hPa, 850hPa and 925hPa level were used for calculating
0700 925, 0850 925 and 0700 850. The dashed blue line represents
the mean geopotential height of the corresponding pressure level
(for the period 1979–2010).
be developed (Blandford et al., 2008; Pages and Miro, 2010;
Rolland, 2003).
In the following, we introduce two methods, which are
based on ERA-Interim internal temperature gradients for ad-
dressing this need. Temperatures as well as the geopotential
heights of the 700hPa, 850hPa and 925hPa level were used
for calculating 0700 925, 0850 925 and 0700 850. This was done
by calculating temperature differences between the 700hPa
and 850hPa (0700 850), 700hPa and 925hPa (0700 925), as
well as 850hPa and 925hPa (0850 925) level (Fig. 3) and
by dividing through the differences in the corresponding
geopotential heights.
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Table 2. Fixed monthly lapse rates extracted from Kunkel (1989) and Liston and Elder (2006).
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Lapse rate (◦Ckm−1) −4.4 −5.9 −7.1 −7.8 −8.1 −8.2 −8.1 −8.1 −7.7 −6.8 −5.5 −4.7
Table 3. Applied lapse rate (0) and reference temperature (Tref) of
four correction methods for twelve test stations.
Method 0 Tref Station
Method I 0S TERA 2m All
Method II 0m TERA 2m All
Method III
0700 925 TERA 2m <1500m a.s.l.
0700 925 TERA 850 >1500 m a.s.l.
Method IV
0850 925 TERA 2m <1500 m a.s.l.
0700 850 TERA 850 >1500 m a.s.l.
Adifferentiationinto0850 925 and0700 850 wasintroduced
to accommodate different atmospheric conditions and there-
fore dominant controls on surface temperature. While low al-
titudes are often inﬂuenced by local circulation patterns (rep-
resented by 0850 925), temperature conditions at higher ele-
vations (represented by 0700 850) are more representative of
free air ﬂow conditions (Mahrt et al., 2001; Pepin and Seidel,
2005). Tabony (1985) noted that the transition from local cir-
culation dominated to free air-dominated temperatures could
be found at approximately 1400ma.s.l. within the Austrian
Alps. This estimate is used for splitting the temperature gra-
dient into a lower, local ﬂow dominated and a higher, free
air ﬂow dominated, gradient. For our test sites, the 850hPa
level, varying around 1500ma.s.l., was used as a transition
level dividing the local circulation dominated zone, from the
free air ﬂow dominated zone. We used TERA 850 instead of
TERA 2m as a basis for the calculation of the elevation correc-
tion for locations higher than 1500m. Figure 3 illustrates (for
stations in group 1 as an example) the different parameters
used in Eq. (1). Method III uses TERA 2m and 0700 925 for
the calculation of the temperature (Ta) at Garmisch station
and TERA 850 and 0700 925 for Zugspitze and Zugspitzplatt
stations. In Method IV, TERA 2m and 0850 925 are the basis
for the calculation of Ta at Garmisch station and TERA 850
as well as 0700 850 for Zugspitze and Zugspitzplatt stations
(Table 3).
3 Results
3.1 Validation of the uncorrected ERA-Interim
temperature data
In a ﬁrst step, the quality of the uncorrected ERA-Interim
data was analysed. We used a comparison of ERA and
CRUTEM3 (gridded observations) data of Simmons et
al. (2010), E-OBS data and station measurements for this
comparison. Simmons et al. (2010) have shown that the
large scale error of ERA-Interim 2m temperature is gen-
erally small in Europe. They compared ERA-40 and ERA-
Interim monthly temperatures against CRUTEM3 results by
using a 5◦ ×5◦ grid. They found a high temporal correla-
tion (r = 0.997) between CRUTEM3 and ERA-Interim re-
sults for the period from 1989 to 2001, with respect to Eu-
rope. It was shown that the accordance of ERA-Interim and
CRUTEM3 is generally good with respect to large-scale pat-
terns and magnitudes (Simmons et al., 2010). The investi-
gations of Simmons et al. (2010) are extended here by us-
ing E-OBS data, given higher temporal (1 day) and spatial
resolution (0.25◦) and the availability of the data for the pe-
riodfrom1979–2010.AverygoodagreementbetweenERA-
Interim and E-OBS data with high correlation values (0.947–
0.992) was found (Fig. 2). Compared to Simmons’ work,
our comparison adopted a higher temporal resolution and a
longer time period. The mean average error (MAE) between
the two datasets became larger in the Alpine parts of the
test area and could be connected to elevation differences be-
tween ERA-Interim model elevations and E-OBS grid eleva-
tions. By taking elevation differences into account and using
Method I for data interpolation errors could be reduced and
led to a reduction of the average MAE from 1.98 to 1.29 ◦C,
and an increase of the correlation coefﬁcient from 0.963 to
0.992. The simple elevation correction demonstrated that the
existing errors can be well connected to elevation effects and
that the large scale error of ERA-Interim is small in general.
A comparison of ERA-Interim results with the available
meteorological stations underlined these results (Fig. 4). It
can be seen that the 0.25◦ ERA-Interim results show large
deviations with respect to point measurements. This is es-
pecially true in case the elevation of the stations differ sig-
niﬁcantly from mean elevation of the corresponding ERA-
Interim grid elements. We found the largest biases for the
higher elevated stations, while the stations located at the
valley bottom show the highest accordance to the model
(Table 4).
3.2 Temporal variability of the lapse rates
The different lapse rates (0S, 0M, 0700 925 and
0850 925/0700 850, see Sect. 2.4) show a different an-
nual variability. Figure 5 illustrates the seasonal dynamics
of measured and modeled lapse rates as well as those
obtained from the literature. The latter ones do not show
any inter-monthly variability as they are deﬁned by a single
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Table 4. Comparison of ERA-Interim 2m temperature with 3-hourly and daily data of twelve meteorological stations. The NSE as well as
the RMSE and MAE in ◦C are also listed, and the elevations (m) are labeled in brackets.
Group 1 Garmisch (719m) Zugspitzplatt (2250m) Zugspitze (2964m)
NSE RMSE MAE NSE RMSE MAE NSE RMSE MAE
T3h 0.85 3.45 2.93 0.45 5.55 4.84 −1.00 9.92 9.22
Td 0.85 3.03 2.76 0.51 4.95 4.47 −0.93 9.52 9.09
Group 2 Sion (482m) Fey (737m) Les Diablerets (2966m)
NSE RMSE MAE NSE RMSE MAE NSE RMSE MAE
T3h 0.50 6.20 5.76 0.48 5.77 5.32 −0.79 8.61 7.78
Td 0.43 6.00 5.74 0.47 5.51 5.30 −0.74 8.20 7.59
Group 3 Engelberg (1036m) G¨ utsch ob Andermatt (2287m) Titlis (3040m)
NSE RMSE MAE NSE RMSE MAE NSE RMSE MAE
T3h 0.84 3.15 2.53 0.50 4.96 4.40 −0.93 9.41 8.65
Td 0.87 2.69 2.22 0.57 4.49 4.14 −0.88 9.00 8.51
Group 4 Scuol (1304m) Buffalora (1968m) Naluns/Schlivera (2400m)
NSE RMSE MAE NSE RMSE MAE NSE RMSE MAE
T3h 0.78 4.15 3.60 0.87 3.44 2.49 0.80 3.35 2.78
Td 0.78 3.77 3.49 0.91 2.52 1.83 0.86 2.73 2.39
value per month. It can be seen that the lapse rates are
generally smaller in winter but showed a higher variability
during these colder months (October–February). Warmer
months were characterized by lapse rates in the range of
−6 ◦Ckm−1 to −7 ◦Ckm−1 and by a low inter-monthly
variability (April–August). March and September represent
transition months, where the regime changed from winter
to summer or from summer to winter conditions. The
between-group variability of the derived lapse rates also
varied signiﬁcantly. Group 2 shows the lowest variability,
due to the very short time period of data availability. 0S
generally represents the largest temperature gradient and is
signiﬁcantly different from the measurements, especially
during the summer months. 0700 925 and 0850 925/0700 850
show larger variations during winter time and dynamics
which are closer to the measurements (0M). Only the
temporal dynamics of Group 4 are not well covered by the
ERA-Interim lapse rates. This group is located in the central
Alps where the respective ERA-Interim grid elements do
also show a large deviation from the E-OBS data. The overall
difference between measured and modeled lapse rates is
in general small in summertime (June–August) and shows
stronger deviations in winter time (November–February),
possibly due to frequent local inversion events during winter
months that cannot be reproduced by the ERA-Interim
model.
3.3 Evaluation of correction methods
In order to evaluate the presented correction methods, three
statistical accuracy measures were used. The root mean
square error (RMSE) and mean absolute error (MAE) are
used for an assessment of the bias between corrected tem-
perature and observation (Eqs. 2 and 3). The Nash-Sutcliffe
efﬁciency coefﬁcient (NSE) evaluates the performance of the
correction methods using Eq. (4), which ranges from 1 (per-
fect ﬁt) to minus inﬁnity. A negative value of the NSE indi-
cates that the model is a worse estimator than the mean of the
observed data (Nash and Sutcliffe, 1970).
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(4)
withT t
o =observed temperature at time t, T t
c =corrected tem-
perature at time t, and N =number of records.
The overall performance of the 4 correction methods is
summarized in Table 5. Method III and IV outperformed
Method II moderately regardless of whether T3h or Td data
have been used. Method I generated the worst results.
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Fig. 4. The scatter plots show the comparison of 3-hourly ERA-Interim 2m temperature and meteorological stations for Group 1, (a)
Garmisch station (1979–2010), (b) Zugspitzplatt station (1999–2010) and (c) Zugspitze station (1979-2010). All the related accuracy mea-
sures can be found in Table 4.
Table 5. Comparison of measurements with corrected 3-hourly and
daily data for 4 methods by averaging NSE, RMSE and MAE statis-
tics of all 12 test sites.
T3h Td
Method NSE RMSE MAE NSE RMSE MAE
I 0.78 3.37 2.60 0.85 2.59 2.09
II 0.91 2.31 1.77 0.95 1.63 1.25
III 0.92 2.21 1.64 0.95 1.57 1.15
IV 0.92 2.21 1.65 0.95 1.56 1.14
The speciﬁc performance of the four correction methods
with respect to 3-hourly temperature data is summarized in
Table 6. Figure 6 gives a more detailed visualization of the
results given by Group 1. Method I worked well for stations
located in the valley bottom, showed only moderate improve-
ments for the average altitude stations, and even failed for the
higher elevated stations (Table 6 and Fig. 6). Station Fey is
an exception, showing the second best results (with respect
to the NSE, RMSE and MAE) when Method I is applied (Ta-
ble 6). Method II delivered the best results for the valley sta-
tions, but showed also acceptable results for the average alti-
tude and high altitude stations. However, Method III and IV
outperformed Method II for seven out of eight average and
high altitude stations (Table 6). The reduction of the MAE
for the valley stations was between 34.0% (Engelberg) and
73.6% (Sion), when using Method II. The MAE could also
be improved for the average altitude stations (improvement
between 53.8% and 59.7%) with the exception of Buffalora,
which were less accurate than the original ERA-Interim re-
sults (2.49 ◦C, method I; 2.67 ◦C, Method II). The MAE
at the high altitude stations was reduced to between 1.2 ◦C
(Naluns/Schlivera) and 7.8 ◦C (Zugspitze). Methods III and
IV performed almost as well as our benchmark Method II,
with particular good results for average and high altitude
stations (Table 6). Another interesting result can be found
at the high altitude station Titlis. Method II provided lapse
rates without any outliers while the other methods show sig-
niﬁcant outliers for the period from to 4 December 1995
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Fig. 5. Boxplots of monthly lapse rates for (a) Group 1 (1979–2010), (b) Group 2 (2002–2004), (c) Group 3 (1994-2010) and (d) Group 4
(1999–2010). 0S (short horizontal line), 0M (light gray), 0700 925 (medium gray) and 0850 925/0700 850 (dark gray). Thick horizontal lines
in boxes show the median values. Boxes indicate the inner-quantile range (25% to 75%) and the whiskers show the full range of the values.
to 28 February 1996. The measurements show frequent and
rapid changes with respect to the temperature. The tempera-
tures reached high values, around 30 ◦C, and afterwards fall
back to normal values (below of 0 ◦C) while the surroundings
stations show no anomalies. Therefore, a measurement error
at station Titlis has to be expected. Method II which is based
on the measurements is consequently forcing the model re-
sults into the direction of the nonconforming measurements.
The other methods which are independent of the station mea-
surements do not reproduce this error. This is another exam-
ple why methods which are independent of surface data are
useful in high alpine areas where error-prone measurements
are common. Furthermore, Methods III and IV performed
very well at high altitude stations. The MAE at the average
altitude stations could be reduced by 57.9% to 74.7% and by
59.4% to 87.9% for the high altitude stations. Nevertheless,
the differences between Methods III and IV are negligible
and an application of the simpler Method III seems to be suf-
ﬁcient, at least for the stations used in this study.
Figure 7 illustrates the performance of all 4 methods with
respect to daily average temperatures, again by taking Group
1 as an example. While the accuracy of the correction re-
sults was similar when compared to the use of 3-hourly data,
some additional interesting aspects can be analyzed for the
aggregated data. For example, daily averages as well as daily
minimaandmaximatemperaturedataareoftenusedforchar-
acterizing local sites given current or predicted future climate
conditions.Figure7clearlyshowsthattheresultsatthelower
end of the temperature spectrum were overestimated while
warmer temperatures were underestimated. The extrapola-
tion of the original ERA-Interim data or of data downscaled
using Method I would therefore lead to a systematic misin-
terpretation of minimum and maximum values. This effect
could only be eliminated when site speciﬁc lapse rates were
used. This again is a strong argument against a general ap-
plication of lapse rates, which are only oriented on station-
ary temperature gradient, but which do not factor in the local
characteristics of a speciﬁc site.
4 Discussion and conclusion
In the previous sections correction methods for ERA-Interim
temperature data on the basis of lapse rates have been de-
scribed and analyzed. Certainly, the total error between a sta-
tion measurement and an ERA-Interim prediction is not only
due to the elevation difference between the ERA-Interim
grid average and the individual site. Other factors, such as
large scale biases of ERA-Interim, observation errors, model
background errors, operator errors, errors resulting from the
interpolation from original N128 reduced Gaussian grid to
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Fig. 6. The scatter plots show a comparison of measured and modeled 3-hourly temperatures for Group 1. (a, d, g, j) show the results of the
different methods for Garmisch (1979–2010), (b, e, h, k) for Zugspitzplatt (1999–2010) and (c, f, I, l) for Zugspitze (1979–2010). All of the
related accuracy measures can be found in Table 6.
latitude/longitude grids, and others, can affect the observed
difference between the model and the measurements (Dee,
2005; Dee et al., 2011).
We were able to demonstrate that the large scale biases of
ERA-Interim for temperature are very small, except for re-
gions were the elevation differences between model grid and
real world are high, as for example in the central Alps. Also,
the total integral error between modeled and measured data
was strongly reduced by using lapse rate approaches for ele-
vation correction. In that context ERA-Interim internal lapse
rate showed a better performance than observed lapse rate
and reduced the RMSE and MAE for high altitudes. How-
ever, it has to be noted that even for some periods and loca-
tions signiﬁcant differences between modeled and observed
lapse rates could be observed.
The comparison between ERA-Interim 2m temperature
and E-OBS gridded data for the period from 1979 to 2010
indicates that elevation is the driving force for the observed
error which therefore should be able to be corrected via el-
evation based approaches, such as lapse rates. Subsequently,
0.25◦ ×0.25◦ 3-hourly and daily ERA-Interim 2m tempera-
ture data were compared with local measurements at twelve
stations within the German and Swiss Alps. The comparison
has illustrated that there is a need for a correction of ERA-
Interim data if it should be used at a given point in the moun-
tains. The results in Table 4 make clear that a correction is
neccessary for accounting for elevation driven temperature
variations in heterogeneous mountain terrain, which cannot
be represented by the original ERA-Interim grid.
Four different methods were used to derive the needed
lapse rates 0: a ﬁxed monthly lapse rate (0S) extracted
from the literature (Method I); a measured lapse rate (0M)
(Method II); and ERA-Interim model internal lapse rates
(0700 925 and 0850 925/0700 850) derived from predictions at
different pressure levels (Method III and IV).
Observed changes of lapse rates with elevation and with
time demonstrated that the use of ﬁxed lapse rates (0S) were
not satisfactory and led to large biases between corrected
and locally measured temperature values, especially for high
elevation stations. Method II represented an almost ideal
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Table 6. Comparison of measurements with corrected 3-hourly and daily data for group 1–4. The NSE as well as the RMSE and MAE in ◦C
are also listed.
Group 1 Garmisch Zugspitzplatt Zugspitze
Method NSE RMSE MAE NSE RMSE MAE NSE RMSE MAE
T3h I 0.91 2.70 2.13 0.71 4.07 3.11 0.59 4.47 3.46
II 0.96 1.84 1.40 0.88 2.56 1.95 0.93 1.84 1.40
III 0.92 2.44 1.87 0.91 2.31 1.74 0.96 1.45 1.12
IV 0.91 2.62 1.99 0.91 2.29 1.73 0.94 1.73 1.33
Td I 0.94 2.00 1.64 0.79 3.22 2.61 0.74 3.47 2.89
II 0.98 1.07 0.82 0.94 1.76 1.37 0.98 1.07 0.82
III 0.95 1.69 1.29 0.96 1.36 1.07 0.98 1.00 0.78
IV 0.94 1.91 1.43 0.97 1.31 1.03 0.96 1.32 1.00
Group 2 Sion Fey Les Diablerets
Method NSE RMSE MAE NSE RMSE MAE NSE RMSE MAE
T3h I 0.92 2.47 1.98 0.90 2.60 2.00 0.46 4.74 3.68
II 0.94 2.03 1.52 0.83 3.21 2.46 0.90 2.03 1.52
III 0.92 2.45 1.89 0.87 2.88 2.24 0.89 2.13 1.31
IV 0.93 2.32 1.81 0.90 2.55 1.99 0.90 2.04 1.25
Td I 0.94 1.92 1.54 0.93 1.94 1.47 0.60 3.91 3.26
II 0.96 1.56 1.15 0.89 2.46 1.90 0.94 1.56 1.15
III 0.94 1.90 1.46 0.92 2.18 1.64 0.92 1.79 1.02
IV 0.95 1.74 1.35 0.94 1.83 1.40 0.93 1.62 0.86
Group 3 Engelberg G¨ utsch ob Andermatt Titlis
Method NSE RMSE MAE NSE RMSE MAE NSE RMSE MAE
T3h I 0.89 2.60 2.01 0.78 3.33 2.52 0.56 4.50 3.44
II 0.92 2.19 1.67 0.89 2.35 1.78 0.89 2.19 1.67
III 0.90 2.51 1.89 0.95 1.54 1.18 0.92 1.92 1.18
IV 0.90 2.48 1.86 0.95 1.50 1.16 0.92 1.94 1.24
Td I 0.93 2.02 1.61 0.86 2.57 2.05 0.70 3.57 2.89
II 0.96 1.53 1.18 0.95 1.59 1.19 0.95 1.53 1.18
III 0.94 1.82 1.38 0.98 1.01 0.77 0.95 1.48 0.88
IV 0.94 1.85 1.41 0.98 0.96 0.74 0.95 1.51 0.97
Group 4 Scuol Buffalora Naluns/Schlivera
Method NSE RMSE MAE NSE RMSE MAE NSE RMSE MAE
T3h I 0.94 2.26 1.80 0.89 3.21 2.46 0.79 3.45 2.66
II 0.95 2.00 1.57 0.86 3.51 2.67 0.93 2.00 1.57
III 0.94 2.23 1.75 0.89 3.22 2.46 0.96 1.47 1.10
IV 0.93 2.38 1.87 0.89 3.16 2.42 0.96 1.51 1.13
Td I 0.97 1.43 1.14 0.93 2.21 1.59 0.85 2.85 2.34
II 0.97 1.51 1.23 0.92 2.43 1.72 0.96 1.51 1.23
III 0.97 1.49 1.18 0.93 2.18 1.57 0.98 0.99 0.78
IV 0.96 1.58 1.23 0.94 2.14 1.55 0.98 0.95 0.75
situation where the complete vertical elevation/temperature
gradient is covered by two stations providing continuously
measured lapse rates. While this approach provided the best
results, it would be interesting to analyze how far these mea-
sured lapse rates could be extrapolated in a spatial context.
A major disadvantage of Method II is its dependency on the
availability of meteorological stations; only very few places
in mountainous and high altitude regions worldwide can of-
fer such a station setup. Furthermore, the usage of measured
lapse rates can lead to the fact that the model is forced into
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Fig. 7. The scatter plots show a comparison of measured and modeled daily temperature averages for Group 1. (a, d, g, j) show the results of
the different methods for Garmisch (1979–2010), (b, e, h, k) for Zugspitzplatt (1999–2010) and (c, f, I, l) for Zugspitze (1979–2010). All of
the related accuracy measures can be found in Table 6.
the direction of implausible temperatures if one of the sta-
tions which are used for calculating the lapse rate delivers
incorrect measurements.
Method III and IV represent alternatives for deriving tem-
perature lapse rates by using (global climate) model (here
ERA-Interim) internal lapse rates from representative pres-
sure levels. Both methods showed a convincing performance
when compared to measured data of the twelve stations,
again especially for those in higher elevations. The ERA-
Interim internal lapse rate is a useful tool for correcting the
original output data to the station scale, even if they un-
derestimate the observed lapse rates for most of the entire
season. The additional implementation of an internal base-
line at approximately 1500m and the calculation of sepa-
rate lapse rates above and below (Method IV), allowed a
vertical differentiation and the consideration of local circula-
tion effects (below) and the dominance of free air conditions
(above) on the temperature distribution (Mahrt, 2006; Rol-
land, 2003; Blandford et al., 2008). However, results only
showed minimal differences between Method III and IV for
the used test sites.
So far, our analysis has been limited to German and
Swiss Alps with 12 meteorological stations providing cali-
bration/validation data sets for testing developed correction
methods. It will be necessary to extend this analysis to dif-
ferent high mountainous areas around the world. It should
alsobeinvestigatedwhetherotherglobalreanalysisproducts,
using different land surface representations in their climate
models can be used in context with the presented approach.
Also, the potential of extending our approach to other me-
teorological variables has to be explored and is a topic of
on-going and future research.
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